Objective-To determine whether patients with cavopulmonary connection have higher levels of vasoactive/water-salt regulating hormones and if so, whether hormone levels are related to postoperative haemodynamics and postoperative follow up. Design-Cross sectional study. Setting-University hospital. Patients-20 patients (New York Heart Association functional class I-II), mean age 11 years (range 4 to 22), were studied at a mean of 2 years (0.5 to 6) after a total cavopulmonary connection (TCPC, n = 12) or a bidirectional Glenn anastomosis (BDG, n = 8). Interventions-Cardiac catheterisation was performed and blood samples were drawn. Control blood samples were drawn from 33 healthy children, mean age 12 years (6 to 16). Main outcome measures-Plasma levels of angiotensin II, renin, aldosterone, arginine, vasopressin, atrial natriuretic factor (ANF), brain natriuretic peptide (BNP). Results-All neurohormones were significantly increased in both TCPC and BDG patients (p < 0.05), with a fourfold increase in angiotensin II, renin, and aldosterone, and a twofold increase in vasopressin, ANF, and BNP (compared with healthy controls). There was no correlation between haemodynamic variables and hormone levels. Angiotensin II and renin were inversely correlated with time to follow up. All subjects over 15 years (n = 5) had normal neurohormonal levels. Conclusions-Neurohormones were raised for years after successful cavopulmonary operations but lower levels were observed with time on follow up. This supports the hypothesis that neurohormonal activation is primarily related to altered postoperative physiology and that adaptation takes place over time.
Cavopulmonary operations are widely used for palliation of a variety of complex congenital heart defects. After a cavopulmonary connection, exercise tolerance remains significantly reduced. [1] [2] [3] [4] [5] [6] Multiple factors are likely to be involved in the exercise limitation, including abnormal pulmonary ventilation-perfusion ratio, 7 increased pulmonary vascular resistance, 7 reduced venous capacitance, 8 and, not least, ventricular dysfunction. 5 Neurohormonal activity has pathophysiological and therapeutic importance in adults with left ventricular dysfunction, [9] [10] [11] [12] and could also reflect ventricular dysfunction, predict prognosis, and serve as a guide to medical treatment after cavopulmonary operations. The levels of various neurohormones are known to be increased during the first few postoperative days after Fontan operations, 13 but little is known about the late postoperative phase.
We measured plasma concentrations of angiotensin II, renin, aldosterone, arginine vasopressin (AVP), atrial natriuretic factor (ANF), and brain natriuretic peptide (BNP) at varying times after surgery in patients who had had cavopulmonary connection operations, and also in healthy control children, to determine whether patients had higher levels of vasoactive/water-salt regulating hormones and if so, whether hormone levels were related to postoperative haemodynamics and follow up.
Methods

PATIENTS
Between March 1995 and October 1997, 20 patients and 33 healthy children were enrolled in the study. Patients had undergone either a total cavopulmonary connection (TCPC) or a bidirectional Glenn (BDG) operation. There were eight girls and 12 boys. The median age at follow up was 11 years (range 4 to 22), and the median time after operation was two years (range 0.5 to 6). Details of the cardiac anatomy, age at final operation, previous palliation, and type of final procedure are summarised in table 1.
Nine patients had an intra-atrial tunnel TCPC, with a fenestration in four. Eleven patients had a BDG. Three had interrupted inferior vena cava with azygos drainage to the superior vena cava. One BDG patient had no additional source of pulmonary flow, two had modified Blalock-Taussig shunts, while five had preserved antegrade flow through an obstructed (native or banded) pulmonary artery.
Four patients (three TCPC, one BDG) were on coumarins, one (TCPC) on diuretics, and one (TCPC) on a blocker.
Control blood samples were obtained from 33 healthy children, 16 girls and 17 boys, with a median age of 12 years (range 6 to 16).
Informed consent was obtained from each patient or parent and the study was approved by the regional ethics committee.
CARDIAC CATHETERISATION
At follow up, all patients underwent complete right and left heart catheterisation. Six patients were investigated under local anaesthesia while the remaining patients received ketamine, propofol, and atropine. Pressures were measured using fluid filled catheters. Angiography was performed to assess the venous pathways and possible collaterals, and to estimate systolic ventricular function. Systemic ventricular function was assessed subjectively from the angiograms by an observer blinded to the neurohormonal results and arbitrarily defined as normal (ejection fraction > 60%), mildly reduced (ejection fraction 50-60%), and moderately reduced (ejection fraction < 50%). Systemic and pulmonary blood flows were estimated using the Fick principle.
BLOOD SAMPLES
During catheterisation, blood samples were withdrawn through the catheter. Plasma was separated and stored at −80°C before assay of angiotensin II, renin, aldosterone, AVP, ANF, and BNP. Blood samples were also analysed for packed cell volume, creatinine, urea, sodium, potassium, and albumin. Control blood samples were obtained from the 33 healthy fasting unsedated children. Blood samples were drawn from a peripheral arm vein and processed as described below.
NEUROHORMONE ANALYSIS
Angiotensin II was determined by a modified radioimmunoassay (RIA) method.
14 Detection level was 2 pmol/l. The intra-assay and interassay coeYcients of variation were 8% and 12%.
Renin was measured by a commercial RIA kit (Amersham International, UK and Nichols Institute, Switzerland). The intra-assay and interassay coeYcients of variation were 2.5% and 7.4%.
Aldosterone was measured by a modified RIA method. 15 The lower detection limit was 42 pmol/l. The intra-assay and interassay coefficients of variation were 9% and 13%.
AVP was measured by RIA as previously described. 16 The lower detection limit was 0.5 pmol/l. The intra-assay variation was 9% and the interassay variation 13%.
ANF was determined by RIA. 17 The minimum detection limit was 0.5 pmol/l plasma, and the intra-assay and interassay coeYcients of variation were 10% and 12%.
BNP was determined by RIA. 18 The intraassay and interassay coeYcients of variation were 8.0% and 12.9% for a sample pool with a mean BNP concentration of 1.2 pmol/l. The corresponding values for a sample pool with a mean BNP concentration of 6.4 pmol/l were 3.7% and 8.4%. The detection limit was 0.6 pmol/l. There was no cross reactivity between ANF and BNP.
STATISTICS
Descriptive data are expressed as median values (interquartile range) as some variables were distributed asymmetrically. Comparison of plasma levels of neurohormones was carried out with the TCPC and BDG patients separately and with all patients pooled against the control group. Comparisons between the two groups and the controls were done using unpaired rank sum test (Mann-Whitney). The determinants of plasma levels of neurohormones were then assessed by multiple linear regression analysis, with plasma levels of neurohormones as the dependent variable and haemodynamic variables-such as systemic and pulmonary blood pressures, systemic and pulmonary saturation, systemic (Qs) and pulmonary blood flow (Qp), and ventricular ejection fraction-and follow up time as independent variables. Both actual and indexed values of blood flows were analysed. Analyses were performed both on raw data and 
Results
CLINICAL CONDITION AND HAEMODYNAMIC DATA
These results are given in table 2. All patients were in New York Heart Association (NYHA) functional class I/II and in sinus rhythm. None had gradients across the anastomoses. The three patients with interrupted inferior vena cava had physiologically TCPC and were thus grouped as such. Systemic arterial pressures, pulmonary artery pressures, central venous pressures, and mixed venous saturations were not significantly diVerent between the TCPC and the BDG groups. Arterial saturation was significantly higher in the TCPC patients (96% (92% to 99%)) than in BDG patients (90% (89% to 92%)) (p < 0.05). Ventricular ejection fraction was classified as normal in 13 patients and mildly reduced in the remaining seven.
NEUROHORMONAL ACTIVITY Plasma concentrations of angiotensin II, renin, aldosterone, AVP, ANF, and BNP were significantly increased in both patient groups (table  3) . Multiple linear regression analysis showed an inverse correlation between follow up interval and plasma levels of angiotensin II (r = −0.58, p < 0.05) and renin (r = −0.55, p < 0.05). Patients over the age of 15 years all had neurohormone levels within the normal range. An age correlation was not seen in the controls. There was no correlation between haemodynamic variables and the neurohormone level.
CLINICAL CHEMISTRY
Packed cell volume, creatinine, urea, sodium, potassium, and albumin results are shown in table 4. The patients had significantly higher packed cell volume, creatinine, potassium, and albumin than the controls (p < 0.05).
Discussion
Neuroendocrine activation is a key event in the pathogenesis and pathophysiology of heart failure. 19 In adults, it has been reported not only in patients with clinical heart failure but also in asymptomatic patients with left ventricular systolic dysfunction. 20 These observations have led to modulations of the neurohormonal systems with angiotensin converting enzyme (ACE) inhibitors 10 and angiotensin II inhibitors, 21 with subsequent improvement in symptoms and survival. 9 10 21 Activation of the neurohumoral systems has also been documented preoperatively in congenital heart disease. 22 23 Postoperatively, Fontan surgery, in contrast to VSD closure, has been associated with a significant increase in circulating neurohormones, appearing within the first postoperative hour and lasting days. 13 24 25 After BDG, however, levels were only transiently and moderately elevated. 13 The aetiology of the early postoperative increase in neurohormones remains unclear, but surgical trauma 24 and the non-pulsatile heart-lung pump 26 may influence the levels of hormones and peptides.
Our study extends these immediate postoperative observations and shows that even in asymptomatic patients, vasoconstrictor neuro- hormones (angiotensin II, renin, aldosterone, and vasopressin) and vasodilator peptides (ANF, BNP) are significantly raised several years after cavopulmonary operations. Damaged myocardium has the propensity to remodel. Although this compensatory response may seem beneficial, it induces myocardial hypertrophy and fibrosis, both of which can lead to heart failure. Reductions in cardiac output, reduced flow to vital organs, and altered loading conditions may subsequently lead to activation of the sympathetic nervous system, the renin-angiotensin-aldosterone system, and the arginine-vasopressin system, which seek to increase blood pressure and stimulate cardiac function-all intimately associated with deleterious hypertrophic 27 and fibrotic processes. 28 ANF is produced and released from atrial myocytes in response to increased filling pressures. The raised ANF levels suppress the renin-angiotensinaldosterone system and thus counter-regulate the proliferative activity associated with activation of the system. 20 BNP is mainly produced in the systolic dysfunctional ventricles 11 and is considered a cardiac hormone against ventricular overload. 29 The reason for the neurohormonal activation observed late after cavopulmonary connection remains elusive. Our current understanding of these regulatory and compensatory systems is almost exclusively based on studies performed in animals and humans with a biventricular circulation, and may not fully apply to the unique Fontan circulation. Several of these stimuli are, however, also operative after cavopulmonary connection. Thus the univentricular heart is preoperatively characterised by volume overload, and both the TCPC and the BDG procedures decrease the volume burden of the functional single ventricle. 30 This load reduction requires adaptive mechanisms including ventricular remodelling to assure haemodynamic homoeostasis.
The cavopulmonary connection operates at higher filling pressures which promote natriuresis through increased ANF release, reduce systemic and pulmonary vascular resistance, increase venous capacitance, and decrease cardiac filling. 31 32 ANF infusions have indeed been shown to improve haemodynamics within the first postoperative hour after an atriopulmonary connection. 33 The increased BNP levels may not only be directly related to the hypertrophy generally seen postoperatively but may also play a complementary role to ANF in controlling pulmonary vascular responses. 31 Finally, the lack of normal pulmonary arterial pulsation and the raised renal venous pressure seen following the cavopulmonary connection may influence the functional state of pulmonary mechanoreceptors, reduce the renal perfusion pressure, and thus activate the renin-angiotensin-aldosterone axis.
In this study, we were unable to identify any correlation between neurohormonal levels and haemodynamic variables. However, the small size of the study population and the narrow range of haemodynamic values provided limited statistical power. Positive correlations between central venous pressure, pulmonary blood flow, and ANF have been reported in children with various congenital diseases 23 and in adults with atrial septal defects. 22 Furthermore it has been proposed that neurohormone levels are correlated with the extent of ventricular dysfunction, 11 being increased up to 30-fold in patients in NYHA functional class IV. 34 Our patients only showed a doubling of ANF and BNP levels, corresponding to slightly increased central venous pressures, a moderately reduced ejection fraction, and the fact that all the patients being classified as NYHA class I/II.
Interestingly, neurohormonal levels were raised only in the younger age group, but were normal in all five patients over the age of 15 years. The reason for this is unclear, but it agrees with previous observations in adult patients undergoing Fontan surgery more than one year previously. 8 Although a negative correlation between age and neurohormones has been described in children under three years of age, 35 no age correlation was observed in controls aged six years or more. It is possible that neurohormone levels gradually adapt to the cavopulmonary physiology, as indicated by the reduced exercise induced ANF release seen several years after atriopulmonary surgery. 36 Although less likely in this cohort, it has been proposed that the relative contributions of the circulating (plasma) and tissue renin-angiotensin-aldosterone concentrations vary during the natural history of heart failure, with increased levels during phases of acute heart failure and decompensation, and normal levels during compensated phases. 37 The eYcacy of ACE inhibitors in the cavopulmonary circulation is much debated. Although ACE inhibitors improved exercise capacity in children with congestive cardiomyopathy, 38 enalapril did not increase exercise tolerance in 18 well compensated patients four to 19 years after Fontan procedure. 39 Whether ACE inhibitors are beneficial in the early or mid-term postoperative phase when neurohormones are raised needs to be evaluated prospectively, and preferably with hard end points rather than surrogate markers such as neurohormone levels. Currently, we are left with the question of whether the neurohormonal activation is a beneficial and temporary eVect during haemodynamic accommodation to the cavopulmonary circulation or an early sign of ventricular dysfunction.
Several limitations to this study have to be considered. Our primary aim was to elucidate neurohormonal status late after the cavopulmonary operation, and information on preoperative neurohormone levels was omitted. Similarly, inclusion of a control group comprising children with unoperated and operated simple cardiac lesions would have added information on the status of the neurohormone systems in non-cavopulmonary patients. The cross sectional study design excluded the possibility of describing temporal changes and haemodynamic relations of neurohormones in the individual cavopulmonary operated patient. In the calculation of flow, the standard Fick principle was employed. This clearly introduces some inaccuracies in optimal flow assessment.
Nevertheless, raised neurohormonal levels were observed several years after successful cavopulmonary operations but levels seemed to normalise over time. This pattern suggests that neurohormonal activation is primarily related to the altered postoperative physiology and that adaptation takes place over time. Further studies are needed to extend our findings with a view to studying the potential pharmacological modulation of these important regulator mechanisms.
